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Summary
Objective: To develop a quantitative non-invasive in vivo three-dimensional (3D) high resolution (HR) micro-magnetic resonance imaging
(mMRI) protocol to measure the medial tibial cartilage thickness (MT.ThC) in the normal rabbit and in the anterior cruciate ligament transection
(ACLT) rabbit model of osteoarthritis and quantify the progression of MT.ThC.
Methods: The left knee of 10 control and 40 operated rabbits was imaged in vivowith a 7 T mMRI system at 3 and 5 months after ACLT. A 3D fast
low angle short (FLASH) fat-suppressed MRI protocol was implemented leading to 44 176 mm3 spatial resolution and to 44 mm3 isotropic voxel
after cubic interpolation. Semi-automatic MT.ThC measurements were made in 3D, in four different locations, in vivo and longitudinally in both
groups. At 5 months, gross macroscopy, visual analogical evaluation of the cartilage and histology were compared to the MR-based MT.ThC.
Results: At 3 and 5 months, the MT.ThC measured in the minimum interbone distance area was the thinnest MR-based MT.ThC. It was
signiﬁcantly lower in the operated group and among the four evaluated MT.ThC, it was the most discriminative between the normal and
the operated groups (P< 0.05). The MT.ThC measured in the minimum interbone distance area was also the most sensitive to change in
the operated group (66.4% MT.ThC loss, P¼ 0.003) while no signiﬁcant changes were observed in the control group.
Conclusion: Quantitative 3D HR mMRI allowed for non-invasive longitudinal MT.ThC measurements in four different locations in both the
normal and the operated rabbits. We concluded the MT.ThC measured in the minimum interbone distance area reﬂected the severity of
the disease and was the most effective to measure the progression of the medial tibial cartilage destruction.
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Cartilage
Repair
SocietyIntroduction
Although osteoarthritis (OA) is a very common cause of
disability and pain in the elderly its natural history is poorly un-
derstood1,2. During the development of OA, one observes
a progressive deterioration in quality and a decrease in thick-
ness of the articular cartilage ultimately causing denudation
of the joint surface. Assessment of changes of morphology
of the cartilage is critical for monitoring OA progression3
and the evaluation of the therapeutic effects of chondropro-
tective drugs4,5. Accurate and sensitive diagnostic methods
are necessary to monitor therapeutic effect and detect very
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Received 18 October 2006; revision accepted 24 April 2007.13early stages of the disease when pathology is likely to be
reversible and/or progression controlled6. Experimental stud-
ies in animalmodels7 that closelymimic human degenerative
joint disease are essential for both understanding the dis-
ease8 and facilitating development of therapies such as
structure-modifying OA drugs. Experimental studies in ani-
malmodels are required to prove the existence of a therapeu-
tic effect, before clinical trials can be proposed.
In humans, conventional radiography is currently the ‘‘gold
standard’’ for joint space width measurements to evaluate
cartilage thickness but gives only an indirect assessment of
the hyaline articular cartilage and is insensitive to detect car-
tilage ﬁbrillation, cracking, or erosion. In contrast to radiogra-
phy,magnetic resonance imaging (MRI) is capable of directly
visualizing the articular cartilage. MRI has been increasingly
investigated in OA because it allows accurate morphologic
assessment and reproducible quantitative measurements
of the cartilage9e14. Quantitative MRI was proven to be an
accurate method for cartilage volumetric and thickness mea-
surements, and has been used in OA patients for over 10
years15,16. MRI measurements of cartilage thickness were78
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phy18,19, computed tomography10,18, arthroscopy10,19e20,
ultrasonography21 and stereophotogrammetry22. MRI mea-
surements of cartilage volume23 correlated well to volumes
measured after surgical removal13.
In animal models, there is no radiographic standardized
procedure under weight bearing conditions to evaluate the
joint space width. Histologic and macroscopic assessments
remain the ‘‘gold standards’’ to evaluate OA progression in
experimental studies. However, they preclude longitudinal
studies as they can only be completed after animal sacri-
ﬁce. Increasing ethical and cost-related issues triggered
the development of alternative methods for accurate and
longitudinal follow-up of experimental animals with OA,
such as MRI8,24. MRI allows accurate evaluation of the
articular cartilage in the rabbit24e27, guinea pig28, Rhesus
macaque29, dog30, rat31 and porcine models32. In the ante-
rior cruciate ligament transected (ACLT) rabbit model33,
in vivo micro-magnetic resonance (mMR) scoring of carti-
lage lesions was reported24,27 but no longitudinal in vivo
quantitative measurement of cartilage using three-dimen-
sional micro-magnetic resonance imaging (3D-mMRI) has
been reported so far.
The purpose of the present study was to assess quantita-
tively the cartilage degradation at various time points and
longitudinally in the rabbit ACLT model of OA. We devel-
oped the protocol based on previous study on the guinea
pig knee28. Medial tibial cartilage thickness (MT.ThC)34
sensitivity to change was compared in four locations of
the medial tibial cartilage (MTC) in the operated and in the
control rabbits. MT.ThC discriminative power was evaluated
between both groups at 3 and 5 months after ACLT.
Materials and methods
EXPERIMENTAL ANIMAL MODEL
All work was conducted in full compliance with the ENVL
(Ecole Nationale Ve´te´rinaire de Lyon) ethical committee
guidelines for animal protection and in accordance with the
legislation of the European Community. Fifty White New Zea-
land rabbitswere used. After 10 days for acclimation andquar-
antine, experimentalOAwassurgically induced in the left knee
of 40 rabbits (3.110 0.250 kg) by ACLT. Right knees were
left intact and were not evaluated in this study. The remaining
10 rabbits (2.990 0.163 kg) were not surgically modiﬁed.
The operated and the control rabbit groupswere homogenous
in growth and weight. Radiography showed opened proximal
tibial physes prior to the surgery and at 3 months. They were
closed in all rabbits at 5 months. Distal femoral physes were
opened prior to the surgery and were closed at 3 months in
all rabbits. The control and the operated rabbits were all
housed over the same time period in our Experimental Medi-
cine and Surgery Center and kept in individual cages with
a grid ﬂoor (surface area: 3000 cm2, height: 70 cm).
SURGICAL PROCEDURE
Rabbits from the operated group were anesthetized by
intramuscular sedation. Left knee arthrotomy was performed
via a medial parapatellar approach under sterile conditions
as described in the literature35. The left anterior cruciate
ligament (ACL) was sectioned without affecting the
surrounding structures. Joint capsule, subcutaneous tissues
and skin were closed layer by layer with running sutures and
strict attention to hemostasis. The anterior drawer test was
consistently positive after the operation. After surgery,analgesia was provided with Fentanyl which has no effect
on OA progression [25 mg ear patch (Duragesic Transder-
mal Patch, Janssen Pharmaceutica)]. The leg was not immo-
bilized and rabbits were allowed tomove freely in their cages.
Recovery was closely monitored by veterinarians.
NON-INVASIVE IN VIVO MRI
Non-invasive in vivo 7 T (m-qMRI) examinations were
sequentially performed at 3 and 5 months following the sur-
gery on the left knee of the 40 operated rabbits and on the
left knee of the 10 control rabbits.
MRI hardware
MRI was done on a 70/20 horizontal Biospec supercon-
ducting magnet system (Bruker, Karlsruhe, Germany) with
a 210 mm bore and 72 mm free access for imaging dia-
meters. This magnet has a 7.05 T nominal magnetic ﬁeld
strength and high performance unshielded gradients (Mini im-
aging Bruker) with a 400 mT/m maximum gradient strength.
Radiofrequency coils and animal handling
Separate receiving and emitting coils with an active decou-
pling system were used to increase the signal-to-noise ratio
(SNR). At 3months, a commercial 15 mmdiameter reception
coil (Bruker) and a rectangular 8 10 cm custom made
surface emitting coil were used. At 5 months, the receiving
coil was customized to ﬁt the enlarged osteoarthritic knees
(25 mm diameter with a central hole) [Fig. 1(a)]. Anesthesia
was induced by intramuscular injection of a combination of
ketamine and xylazine. The ‘‘rabbit-bed’’ had identiﬁcation
marks drawn on its side to provide necessary markers for
accurate and reproducible coil positioning. The left pelvic
limb was shaved to facilitate the anatomical landmark recog-
nition and a splint was adjusted on its lateral side to achieve
full extension of the leg. A dedicated Styrofoam pad was
adjusted with surgical tape around the splint, the knee and
the receiving coil, and then both legs were immobilized with
surgical tape [Fig. 1(b)]. The emitting coil was ﬁxed on the
top using surgical tape [Fig. 1(c)]. The end stop of the bed
was set to get the knee joint and receiving coil at the level
of the magnet isocenter. The external diameter of the bed ﬁt-
ted the internal bore magnet diameter, preventing motion
artifacts.Rabbitswere kept anesthetizedwith 1e2% isoﬂurane
in 0.6e1 L/min O2, and the anesthetic gases were supplied
with a facemask. The temperature was maintained using
a warming plastic blanket with circulating hot water [Fig. 1(d)].
MRI protocol
An automatic shimming process was performed at the
beginning of each scan to homogenize the main magnetic
ﬁeld. Spectrometer control and data analysis were per-
formed with the 3.0.2.ParaVisionª version (Bruker,
Germany) software. The sagittal high resolution (HR) 3D
fast low angle short (FLASH) fat-suppressed sequence pa-
rameters were 30 ﬂip angle, repetition time (TR) 22.1 ms,
echo time (TE) 4.2 ms, 26 min acquisition time, 21 kHz re-
ceiver bandwidth, 2.25 2.25 2.25 cm ﬁeld of view
(FOV) and 256 140 85 acquisition matrix (giving
a 88 161 265 mm3 acquisition resolution). The automatic
reconstruction immediately followed and resulted in
a 256 256 128 reconstruction matrix with the same
FOV leading to an 88 88 176 mm3 resolution. Images
were prepared by zero-ﬁlling process to achieve a ﬁnal reso-
lution of 44 44 176 mm3 (2.25 2.25 2.25 cm3 FOV
and 512 512 128 reconstruction matrix) (Fig. 2).
1380 C. Boulocher et al.: Non-invasive in vivo quantiﬁcation of the MT.ThC progression in an OA rabbit modelFig. 1. Radiofrequency coils’ ﬁxation and animal handling. (a) Receiving coil (2.5 2.5 cm2) and rectangular surface (8 10 cm2) emitting coil.
(b) The emitting coil was maintained steady on the top with surgical tape. (c) A splint was adjusted on the lateral side of the left leg to achieve
full extension. A Styrofoam pad was adjusted with surgical tape around the splint, the knee and the receiving coil. (d) Gaseous anesthesia was
supplied with a facemask and the temperature was maintained using a warming plastic blanket with circulating hot water.MRI-BASED MT.THC MEASUREMENTS
The observer was unaware of the rabbit status and was
experienced28 in MRI image processing and MR-based car-
tilage thickness measurements. Several measurements
were extracted in 3D space after image segmentation.
The main steps of the procedure were selection of region
of interest, semi-automatical bone segmentation and
cartilage thickness measurements with CartiLapª (Creatis-
Animage, Lyon, France). The segmentation step of the
software gave an accurate 3D delineation of the tibial and
femoral subchondral bone surfaces using two ‘‘3D Snakeactive surface model’’36,37. Two initial meshed spheres e
one for the tibia and one for the femur e were iteratively
deformed under a ﬁeld of local forces depending on image
information content that pulled them toward features such
as lines and edges. At convergence, 3D meshes (for the
tibial and femoral subchondral bone surfaces) were ob-
tained (Fig. 3). Finally, the software detected automatically
the minimal distance between the femoral and the tibial
3D surfaces (Fig. 4). The observer measured each MT.ThC
in 3D, along a line perpendicular to the bone surface. Delin-
eation of femoral and tibial cartilage boundaries wasTibio-patellar ligament
Distal femoral physis
Proximal tibial epiphysis
Medial fabella
Distal femoral epiphysis
Tibial bone diaphysis
Infrapatellar fat pad
Femoral cartilage
Tibial cartilage
anterior posterior
Fig. 2. HR 3D FLASH fat-suppressed sagittal MR image.
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Tibial cartilage
Femoral cartilageAnterior horn of 
the medial
meniscus
3D mesh model of the femoral 
subchondral bone surface
Initial sphere for the 3D mesh model 
of the tibial subchondral bone surface
anterior posterior
Fig. 3. CartiLapª Snake procedure giving the subchondral bone surface 3D mesh model. Based on the 3D Snake active surface model two
initial spheres e one for the tibia and one for the femur e were iteratively deformed to ﬁt the 3D surface of the subchondral bones.detected visually and with the line intensity proﬁle (LIP) (ie.
gray curve level). The LIP showed two high signal peaks
representing medial tibial and femoral cartilages and a char-
acteristic signal drop at their boundaries.
‘‘Thick-1’’ parameter was the MT.ThC in the minimum
interbone 3D area28. ‘‘Thick-2’’ and ‘‘Thick-3’’ parameters
corresponded, respectively, to the anterior and posterior
separation of the MTC from the femoral cartilage. ‘‘Thick-
4’’ was measured at the thickest part of MTC.
Semi-quantitative evaluation of the technique
Semi-quantitative evaluation was done a posteriori and
both MR image andMRmeasurement qualities were scored.
This evaluation was original and based on the experience of
the observer.
A six grade scale was attributed to the image quality (car-
tilage visibility and delineation, fat suppression efﬁciency)
from grade 0 meaning low quality (cartilage boundaries
difﬁcult to deﬁne) to grade 5 meaning high quality (clear
visualization of the cartilage interfaces).
According to the LIP a four grade scale was attributed to
the MT.ThC measurements quality from grade 0 meaning
low quality (no drop within the LIP) to grade 3 meaning
high quality (important drop).GROSS MORPHOLOGY, VISUAL ANALOGICAL EVALUATION
(VAE) OF THE CARTILAGE AND HISTOLOGY
(SEMI-QUANTITATIVE AND HISTOMORPHOMETRY)
Five months after surgery, the rabbits were euthanized by
injection of Pentobarbital Sodium. All left knees from oper-
ated and control rabbits were dissected. Two investigators
unaware of the rabbit status performed the macroscopic
evaluations. Each compartment of the knee joint was
evaluated. Prior to the sampling for histological evaluation,
photographs were collected and labeled for subsequent
evaluation. Osteophytes’ production and meniscal lesions
were noted and recorded.
Gross morphological cartilage changes of the femoro-
tibial compartment were scored using VAE. This score
was based on the International Cartilage Repair Society
(ICRS) recommendations for grading cartilage defects38.
Brieﬂy, the VAE score is the product of the percentage of
the area involved and a factor based on the grade of the
cartilage lesion38. The scale ranges from 0 indicating that
the cartilage is intact to 100 meaning that full-thickness
cartilage erosion occurred across the entire MTC plate38.
After macroscopic grading, left proximal tibial bones were
isolated, ﬁxed in buffered formalin solution and decalciﬁed
for 1 month in formic acid. After decalciﬁcation these sam-
ples were embedded in parafﬁn, sagittal sections of 6 mmFig. 4. Automatical minimal distance detection between the femoral and the tibial 3D surfaces. (a) In a control rabbit (rabbit 5N) at 3 months,
(b) in an operated rabbit (rabbit 2J) at 3 months and (c) in an operated rabbit (rabbit 2J) at 5 months.
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(where the MR region of interest was centered) and stained
with hematoxylin and eosin.
Semi-quantitative histopathological grading was perform-
ed by observers blinded to the rabbit status, based on the
OsteoarthritisResearchSociety International (OARSI) grad-
ing system39. Grades were assessed by noting the most
advanced lesion present within the cartilage, irrespective
of its horizontal extent (grade¼ depth of cartilage ero-
sion). In the OARSI grading system39 grades 0e4 involve
articular cartilage changes only, whereas grades 5 and 6
involve subchondral bone as well.
Finally, histomorphometry40 was performed (Novotec,
Lyon, France). The thinnest and the thickest part of the
medial tibial samples were measured and compared,
respectively, with Thick-1 and Thick-4 values obtained
from MRI images analyses.
STATISTICAL ANALYSIS
Statistical analyses were performed using a statistical
package software (R software version 2.2.1, Ihaka, 1996).
Unless stated otherwise, results are expressed as mean
and standard deviation (meanSD). Paired Student’s
t tests with non-equal variances (Welch two sample t tests)
were performed to compare quantitative data (MT.ThC
within and between groups). Scores were ranked and
compared using non-parametric statistics (the Wilcoxon
rank-sum test to compare groups). Pearson tests were
used to correlate macroscopic, histological and MRI results.
A P< 0.05 was considered statistically signiﬁcant.
Results
MRI-BASED MT.THC
Semi-quantitative evaluation of the technique
Image quality. In the control group, image quality ranged
from 3.1 (0.8) to 4.3 (0.7) at 3 and 5 months, respec-
tively. In the operated group, image quality ranged from
2.7 (0.7) to 3.8 (0.6) out of ﬁve at 3 and 5 months, re-
spectively. Results are shown in Table I.
1. Cross-sectional analyses: At 3 months, the image
quality was not signiﬁcantly different between the con-
trol and the operated groups (P¼ 0.08). At 5 months,
the image quality was signiﬁcantly higher in the control
group than in the operated group (P¼ 0.045).
2. Longitudinal analyses: The image quality was signiﬁ-
cantly higher at 5 months than at 3 months in the con-
trol group (P¼ 0.01) and in the operated group
(P< 0.0001).
MT.ThCmeasurement quality. In the control group, MT.ThC
measurement quality ranged from 2.6 (0.60) to 3.0
(0.00) at 3 and 5 months, respectively. In the operated
group, MT.ThC measurement quality ranged from 2.7
(0.5) to 2.8 (0.4) out of ﬁve at 3 and 5 months, respec-
tively. Results are shown in Table I.
1. Cross-sectional analyses: At 3 months, the measure-
ment quality of the control group was not signiﬁcantly
different than in the operated group (P> 0.05). At 5
months, the measurement quality was signiﬁcantly
higher in the control group than in the operated group
(P< 0.05).2. Longitudinal analyses: In both groups, the measure-
ment quality was higher at 5 months than at 3 months,
but not signiﬁcantly (P> 0.05).
MRI-based MT.ThC results (Table II)
1. Cross-sectional MT.ThC analyses e comparison be-
tween groups at 3 and 5 months.
e Thick-1 was lower in the operated group than in the
control group. This difference was not signiﬁcant at
3 months (P> 0.05) but was signiﬁcant at 5 months
(P< 0.0001). Full-thickness erosion (MT.ThC¼
0 mm) was measured in eight of the 40 operated
rabbits (20%) at 3 months and in 17 of the 40 oper-
ated rabbits (42.5%) at 5 months. If rabbits with
MT.ThC¼ 0 mm were excluded, Thick-1 was still
lower in the operated group at 3 months (not signif-
icantly) and signiﬁcantly at 5 months (P¼ 0.05).
e Thick-2 was signiﬁcantly higher in the operated
group than in the control group at 3 months
(P¼ 0.005) and at 5 months (P¼ 0.009).
e Thick-3 was higher in the operated group than in the
control group but not signiﬁcantly (P> 0.05) at 3
and 5 months.
e Thick-4 was signiﬁcantly higher in the operated
rabbits than in the control group at 3 months
(P¼ 0.0002) and at 5 months (P¼ 0.0005).
2. Longitudinal MT.ThC changes e comparison between
groups.
e Thick-1: In the control group, Thick-1 changes were
not signiﬁcant (P> 0.05) between 3 and 5 months.
In the operated group, Thick-1 decreased signiﬁ-
cantly (P< 0.05) with 66.4% of thickness loss.
Thick-1 was still signiﬁcantly decreased after being
scaled to the initial thickness and if rabbits with
MT.ThC¼ 0 mm were excluded from the mean.
Thick-1 absolute change was signiﬁcantly higher
(P¼ 0.003) in the operated group than in the control
group, even if rabbits with Thick-1¼ 0 mm were ex-
cluded (P¼ 0.05).
e Thick-2 increased in both groups. In the operated
group, Thick-2 increase was signiﬁcant (P< 0.0
Table I
MR image quality score from 0 to 5 and MR-based MT.ThC mea-
surement quality score from 0 to 3. Results are presented as
mean and (SD)
Qualitative evaluation
of the technique
Images quality
(0e5)
Measurement quality
(0e3)
3 Months 5 Months 3 Months 5 Months
Operated rabbits
(n¼ 40)
2.7
(0.7)
3.8
(0.6)
2.7
(0.5)
2.8
(0.4)
Longitudinal
comparison (P )
*** NS
Control rabbits
(n¼ 10)
3.1
(0.8)
4.3
(0.7)
2.6
(0.6)
3.0
(0.0)
Longitudinal
comparison (P )
** NS
Cross-sectional
comparison
NS * NS *
NS: nonsigniﬁcant P> 0.05, Student’s paired t test. *Signiﬁcance
level P< 0.05, Student’s paired t test; **Signiﬁcance level P< 0.01,
Student’s paired t test and ***Signiﬁcance level P< 0.001,
Student’s paired t test.
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t.001) but not in the control group (P> 0.05). Thick-2
absolute change was signiﬁcantly higher in the oper-
ated group than in the control group (P¼ 0.027).
e Thick-3 and Thick-4 increased in both groups but
changes were not statistically signiﬁcant (P> 0.05).
Longitudinal changes were not statistically different
between groups and varied widely between the
operated rabbits.
GROSS MORPHOLOGY (OSTEOPHYTES PRODUCTION,
MENISCAL LESIONS), VAE OF THE CARTILAGE AND
HISTOLOGY (SEMI-QUANTITATIVE AND
HISTOMORPHOMETRY)
Gross morphology (osteophytes’ production, meniscal
lesions) was signiﬁcantly different between the operated
and the control groups (P< 0.001). In the control group, no
gross abnormalities and no meniscal injuries were noticed.
The ACL was intact in all control rabbits. In the operated
group, complete section of the anterior cranial cruciate liga-
ment was present in all but one rabbit which was excluded
from further analyses. Osteophytes and ﬁbrosis were ob-
served in all operated rabbit knees. Medial meniscal damage
was present in 25 of the 40 operated rabbits (62.5%) and in-
cluded longitudinal tears, extrusion and bucket handle tear of
the left medial meniscus. Furthermore, the medial tibial pla-
teaus had undergone extensive remodeling, with prominent
osteophytes at the posterior lip of the medial tibial condyle.
In the operated group, the MTC VAE score was signiﬁ-
cantly higher (45.8 14%) than in the control group
(29 9.8%) (P< 0.001). Full-thickness cartilage erosion
was conﬁrmedmacroscopically, in the caudal part of the me-
dial tibial plateau (i.e., in the weight bearing area uncovered
by the meniscus) of 17 of the 40 operated rabbits.
The semi-quantitative histological grading was signiﬁ-
cantly higher in the operated rabbits (1.7 0.8 out of four)
than in the control rabbits (0.3 0.4 out of four) (P< 106).
The thinnest and the thickest histological MT.ThC were
markedly lower in operated rabbits than in control rabbits
but surprisingly no statistical difference was observed. In
the control rabbits, therewasastatistically signiﬁcant positive
correlation between the thinnest histological MT.ThC and the
thinnest MR-based MT.ThC, Thick-1 (r¼ 0. 68, P< 0.05).
Discussion
A number of authors have described the use of MRI in the
evaluation of OA in rabbit models8,24e27,41e43 with in plane
resolution ranging from 156 to 1100 mm2 in two-dimensional
(2D) protocols and from 156 to 468 mm2 in 3D images. Sub-
jective or semi-quantitative grading scales were used to
assess the changes. To the best of the authors’ knowledge,
this is the ﬁrst report of longitudinal quantiﬁcation of the
MT.ThC using non-invasive in vivo 3D MRI in the ACLT
rabbit model of OA.
Bolbos et al.28 assessed at 7 T the cartilage thickness
evolution between meniscectomized (MNX group) and
spontaneous (SHAM group) guinea pig OA models with
a voxel resolution of 59 59 156 mm3 in only 45 min.
The short-term precision of the technique was 8.9% for the
SHAM group and 8.2% for the MNX group. Based on this
previous study, we implemented a non-invasive 3D FLASH
fat-suppressed MRI protocol to measure in vivo the MT.ThC
in the normal rabbit and in the ACLT rabbit model of OA. MR
scanning protocol resulted in 44 44 176 mm3 spatial
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tion. To the best of the authors’ knowledge, this protocol re-
sulted in the highest spatial resolution of in vivo mMRI
images of the rabbit knee reported so far.
Longitudinal measurement of cartilage thickness is an im-
portant indicator of the disease status and of the response
to therapy of osteoarthritic joints. The advantage of 3D MR-
based MT.ThC is that measurements are made in vivo and
in 3D along a line perpendicular to the subchondral bone
surface. Detection of subtle changes requires precision,
reproducibility, high spatial resolution and good contrast25,44,45.
In humans, Duryea et al.46 measured in vivo cartilage thick-
ness and volume in the knee with an excellent reproducibil-
ity. In OA animal models, MRI studies are inherently more
difﬁcult due to limited spatial resolution and ﬁeld strength
or resulting in imaging time incompatible with in vivo stud-
ies. In the past, in vivo cartilage thickness measurement
in small animal models could not be accurately performed
with MRI due to these technical limitations. High ﬁeld
strength MRI systems currently available allow for sufﬁcient
SNR, contrast and spatial resolutions with scan times that
are compatible with in vivo imaging17.
2D quantitative MR-based MT.ThC was realized by Calvo
et al.27 in the rabbit OA partial-meniscectomy model with
a 4.7 T magnet. They found tendency of the cartilage thick-
ness to increase up to 8 weeks after surgery and a decrease
at 10 weeks in the two operated knees imaged at this time
point. Wachsmuth et al.26 used in vivo contrast-enhanced
7.1 T MRI in two surgically induced rabbit models of OA
(ACLT and medial meniscectomy) using a grading scale
based on qualitative articular cartilage assessment from 2D
and 3D gradient echo images. While Calvo et al.27 observed
a global increase in the cartilage thickness, this was not ob-
served in the study realized by Wachsmuth et al.26 The rela-
tively low in plane resolution (195 mm2) and slice thickness
(1 mm)usedbyCalvoet al.27 could partly explain thesediffer-
ences. In addition, they evaluated mean cartilage thickness
but local thickness variations were not taken into account.
Volume and mean cartilage thickness are ‘‘global’’ parame-
ters and may be relatively insensitive to focal changes12.
In our study, the 3DFLASH fat-suppressedMRI sequences
were not primarily aimed at the qualitative assessment of the
surrounding joint structure but they allowed for sufﬁcient rec-
ognition of anatomical landmarks for exact depiction of the
MTC surface. No fat signal was observed leading to an excel-
lent discrimination between cartilage, menisci and sub-
chondral bone. The fat suppression was accomplished by
spectral fat saturation using a preparation saturation pulse
tuned to the resonant frequencyof fat47. Fat suppressionelim-
inates chemical-shift artifacts that can be superimposed to the
cartilage bone interface thereby improving image contrast at
this interface and better delineation of the cartilage bound-
aries47. The customized ‘‘rabbit-bed’’ optimized the reproduc-
ibility of the experimental setup, minimized the experiment
time and optimized the efﬁciency of the coils.
Cartilage thickness measurements depend on the accu-
racy of the computational algorithm and on the quality of
the image itself48. The image quality was always sufﬁcient
to perform the measurements even in the presence of
severe morphological OA changes in the operated group.
Subjective evaluation of the technique showed that images
and measurement qualities were better in the control group
at both examination points. Indeed, during the OA process,
cartilages signal changes and it gets a lower contrast com-
pared to surrounding structures.
The osteophytes’ production, the meniscal lesions, the
VAE of the cartilage and the semi-quantitative histologicalscore were signiﬁcantly higher in the operated rabbits
than in the control group which conﬁrmed that the ACLT
surgery induced OA in the operated group and validated
our experimental model. The MTC lesions were macroscop-
ically evident in the operated rabbit group and ranged from
cartilage ﬁbrillation to full-thickness erosion (27.5% of the
operated rabbits at 3 months and 42.5% at 5 months).
Histologically, MT.ThC was reported to increase after
ACLT in cat51, dog30,52 and rabbit24,49,53 models of OA. In
the ACLT rabbit model of OA, Yoshioka et al.32 found non-
signiﬁcant increase in histological MT.ThC at 4 and 8 weeks
but signiﬁcant decrease at 12 weeks. Histologically, normal
MT.ThC spatial variations have previously been reported
and were related to growth and mechanical factors32,49. In
addition, histopathological grading scales and histomorph-
ometry have generally been used without assessment of
sampling and spatial variations thus it is unclear how well
they describe particular regions of the knee joint32.
In humans, techniques for displaying regional thickness
patterns have been developed and Kshirsagar et al.48 sug-
gested that analyzing subvolumes within the joint surface
reduce precision errors compared to analyses of the entire
cartilage plate. In the present study, MR-based MT.ThC was
computed in four locations and in 3D. The MT.ThCmeasured
in theminimum interbonedistance area (Thick-1)was the thin-
nestMT.ThC. In thecontrol rabbits, Thick-1didnot changesig-
niﬁcantly over and had the smallest SDat both imaging points.
This conﬁrmed that technical errors on MR-based thickness
measurements were reduced with the 3D acquisition protocol
and 3D data processing algorithm. Thick-1 was located in the
part of the central medial tibial plateau uncovered by the
meniscus and was expected to correspond to the area of
the tibial plateau affected early by OA changes32,49,53. Full-
thickness erosion of the MTC (MT.ThC¼0 mm) was only ob-
served at Thick-1 and in the operated group. Thick-1 in the
control group was signiﬁcantly correlated with the macro-
scopic changes, the VAE of the cartilage and the histological
semi-quantitative measurements. Therefore, Thick-1 re-
ﬂected the severity of the disease. In human, initial volume
of cartilage and rate of cartilage erosion were reported to be
positively correlated50. In the operated group, we did not dem-
onstrate any correlation between the initial Thick-1 and the
amount of changes (P> 0.05). However, we studied
cartilage thickness and not an average volume.
Thick-2 was signiﬁcantly higher in the operated rabbits.
Thick-2 was located at the anterior separation of the femoral
and tibial cartilage and therefore was not affected by bio-
mechanical changes. We assumed Thick-2 changes only
reﬂected the global chemical changes of the joint. It is
known that the focal increase in cartilage thickness is one
of the earliest measurable changes in OA. Therefore, it is
possible that this increase might precede cartilage thinning
and subchondral bone remodeling.
Thick-4 and Thick-3 varied widely between the operated
rabbits thus the signiﬁcance of the observed differences
between both groups is unclear. Indeed, it is not clear why
considerable loss of cartilage occurred in some of the knees
examined but not in others. Thick-3 and Thick-4 were mea-
sured on the posterior medial tibial plate which corresponds
to the normal weight bearing area and load changes second-
ary to the ACLT might partly explain the results.
LIMITATIONS OF THE STUDY
At 5 months, due to the knee enlargement and ankylosis,
the receiving coils had to be customized with a central hole
providing a better knee coverage and a higher ﬁlling of the
1385Osteoarthritis and Cartilage Vol. 15, No. 12coil thus a better SNR. Consequently, receiving coils were
different at 3 and 5 months but this did not preclude longitu-
dinal MT.ThC comparisons. Neither the emitting coil nor the
protocol sequences were changed and similar LIP was ob-
served in the control group at 3 and 5 months. The custom-
ized receiving coil was made with similar characteristics to
the commercial coil except that it had a central hole. There-
fore, technical improvement was achieved with this coil as it
gave a better coverage and better ﬁlling of the coil and SNR.
Gross macroscopic and semi-quantitative results showed
signiﬁcant differences between the operated and the control
group and were correlated signiﬁcantly with Thick-1. The
histological MT.ThC was thinner in the operated group com-
pared to the control group but no statistically signiﬁcant dif-
ference was observed. Histological quantiﬁcation of
degraded cartilage was difﬁcult and could not be easily
quantiﬁed and only cartilage thickness in the remaining car-
tilage areas was measured. Consequently, it overestimated
to the mean cartilage thickness and no full-thickness carti-
lage erosion was detected histologically while observed
both macroscopically and with MRI. More work is needed
to evaluate the accuracy of our MT.ThC measurements
compared to histology.
The poor correlation between MR-based and histological
MT.ThC measurements highlights the inherent problems of
using a unidimensional measure (histology) to indirectly
evaluate changes in 3D structures (the MTC) within a joint
compartment. Indeed, sectional 2D images cannot be
aligned perpendicular to all parts of the joint surface but
3D imaging enables the entire joint to be viewed in any di-
rection and independently of the original sectional
orientation.
PERSPECTIVES
The natural history of OA progression involves more than
just thickness defects. Fibrillation of the longitudinal colla-
gen ﬁbers that comprise the articular cartilage superﬁcial
layer is one of the ﬁrst signs of degeneration. MRI techniques
should also account for the signal intensity aberrations of the tis-
sue. Indeed, the signal intensity abnormalities visible on MRI
appear to correlate with abnormal biochemical properties
of OA cartilage. In our study, LIP was only used to evaluate
the quality of the MT.ThC measurements. Combining
MT.ThC accurate determination with quantitative signal
interpretation would be valuable for tracking early OA
changes.
Conclusion
The use of a non-invasive technique for detection and
measurement of cartilage thickness is very appealing for
preclinical studies in experimental OA models. MR-based
MT.ThC measurements are a promising non-invasive and
sensitive procedure for monitoring in vivo the therapeutic
response to structure-modifying OA drugs that need to be
further developed.
In the present study, MR-based MT.ThC enabled to
quantify the cartilage thinning longitudinally in the normal
and in the ACLT rabbit model of OA. The MT.ThC measured
semi-automatically in the minimum interbone distance area
(Thick-1) was the thinnest of the measured MT.ThC. Thick-1
was themost sensitive to change and themost discriminative
between rabbit groups. We concluded that Thick-1
reﬂected the severity of the disease and was the most effec-
tive to measure the progression of the MTC destruction.MR-based MT.ThC indicates that differences exist be-
tween animals at the same time after surgery as observed
histologically by Vignon et al.53 This might indicate that in
the rabbit ACLT model of OA, individual variations exist
between animals. An index of OA severity based on
MR-based MT.ThC might be more useful than time after
surgery for the interpretation of biochemical data and to
monitor the effects of rehabilitation treatments.
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